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We report on an all-in-fiber liquid crystal (LC) structure designed for the modulation of light incident transverse to the fiber axis. A hollow cavity flanked by viscous conductors is introduced into a polymer matrix, and the structure is thermally drawn into meters of fiber containing the geometrically scaled microfluidic channel and electrodes. The channel is filled with LCs, whose director orientation is modulated by an electric field generated between the built-in electrodes. Light transmission through the LC-channel at a particular location can be tuned by the driving frequency of the applied field, which directly controls the potential profile along the fiber. Photonic structures employing liquid crystals (LCs) are the subject of ongoing investigations. In addition to their ubiquitous presence in display technologies, 1 LCs are used to tailor laser emission, 2-5 in spatial light modulators, 6, 7 as tunable wavelength filters, 8 and in a host of other applications. [9] [10] [11] [12] [13] In recent years, LC-infiltrated fiber structures have been explored for modulating axially propagating light through the application of externally generated fields. [14] [15] [16] [17] [18] Here, we report on the fabrication and characterization of a polymer fiber LC device for modulating transversely incident light. This regime of operation is particularly interesting for large-area flexible display applications, such as in fabrics. The fiber contains an axially uniform, rectangular LC-filled microchannel flanked on two opposing sides by built-in conductive polymeric electrodes. We investigate the effect of the applied voltage driving frequency on the transversely transmitted intensity as a function of fiber length. In accordance with our model, the high resistivity of the electrodes imposes an axial electric potential drop over a length controlled by the driving frequency. Therefore, by contacting the electrodes at multiple locations along their length, individual pixels along axially symmetric fibers could be addressed.
The fabrication of this fiber is realized by constructing a macroscopic version of the desired structure and subsequently scaling it down to the microscopic dimensions by structure at prescribed locations and dimensions. The outer two pockets are filled by geometrically matched strips of conductive carbon-loaded polyethylene (CPE), which are prepared through thermal pressing of individual 100 lm thick CPE films, and the central pocket is left empty. To confine the hollow pocket and neighboring conductors, the structure is clad with additional 75 lm thick PC films and reconsolidated. With the mandrel removed, the preform is thermally drawn at $250 C into hundreds of meters of flexible fiber containing a hollow microchannel flanked by conducting electrodes. The optical micrograph in Fig. 1(d) depicts the cross section of the fiber structure.
Post-draw, LCs (Merck MLC-2058, n e ¼ 1.71, n o ¼ 1.51 at 589 nm) are infiltrated into the microchannel through capillary action by dipping the fiber tip into a droplet of the LC mixture at room temperature. Although no alignment layer is applied to the microchannel walls prior to LC infiltration, the LC director orients itself along the fiber axis for several centimeters, as has also been observed in the microchannels of photonic crystal fibers. 18 (Note that since the index of refractive of polycarbonate (n pc ¼ 1.58) is lower than the extraordinary index of the LC, the LC channel could also function as a waveguide under an appropriate voltage bias and input polarization conditions, which we plan to investigate in future work.)
In this Letter, we explore the properties of the in-fiber LC channel as a variable attenuator for light transmitting perpendicular to its axis. The fiber is characterized in a microscope equipped with a bottom illuminator, polarizer and analyzer pair, and a top mounted CCD camera. The spatial arrangement of the setup is shown schematically in Fig.  2(a) . Randomly polarized white light first passes through a polarizer with the transmission axis aligned perpendicular to the fiber axis. With the absence of an applied voltage, the linearly polarized light only interacts with the ordinary index of the LC, hence no change in polarization state occurs when the light passes through the fiber. Since the analyzer is fixed with its transmission axis aligned parallel to the fiber axis, no light is transmitted. Upon applying a voltage above a threshold voltage, the LC director rotates in the direction of the applied field, causing the incoming wave to experience both the ordinary and extraordinary indices of the LC molecules. This interaction leads to a change in the initial linear polarization state of the light passing through the microchannel, which translates into partial transmission through the analyzer. 19 An image captured on the CCD camera with the voltage off and on (100 V rms at 100 Hz) is depicted in Fig.  2(b) for a 5-cm long fiber. Note that for this fiber length and driving frequency, the electrodes are equipotential along their entire length. 
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An interesting feature of this LC channel emerges when considering extended fiber lengths. The CPE electrodes and the PC-enclosed LC channel which they flank form a distributed RC circuit in a transmission line fashion, in which each unit length of fiber Dz has a series resistance from the CPE voltage spectrum obtained at a driving frequency of 100 Hz. The red curve is an empirical fit to the data using a 6th order polynomial. (Note that the sole purpose of this polynomial function is to relate the experimentally measured transmission dependence on the applied voltage, which we use in Fig. 3(d) electrodes (R CPE ) and a parallel capacitance from the PC and LC (C eq ). These can be estimated from the structure as illustrated in Fig. 3(a) and are expressed as
By applying Kirchoff's laws to the distributed circuit along the fiber length, the electric potential along the electrodes a distance z away from the point where they are contacted can be expressed as 20 VðzÞ
where V 0 and f are, respectively, the amplitude and driving frequency (in Hz) of the applied voltage, while L is the length from the point of electrode contact to the end of the fiber. Since the transfer length d depends on frequency, it follows that V(z) and hence the light transmission at a particular location away from the point of electrical contact is also frequency dependent. Figure 3 (b) depicts a surface plot of the calculated voltage dependence on driving frequency and position along the axis of a 40-cm long fiber that is contacted at the 0-cm end. Evident in this plot is the voltage decay towards longer distances and higher frequencies, a consequence primarily of the high CPE resistivity (q CPE % 1.1 Xm). While, on the one hand, this voltage drop limits the driving frequency on long fibers that are electrically contacted at one location, it presents an opportunity on the other. Since the CPE electrodes can be electrically contacted at multiple locations along their length, the rapid voltage decay at a typical LC driving frequency of 1 kHz actually facilitates independent and simultaneous control over multiple sections of the same LC channel, a function that is particularly useful for display applications. Note that if an uniform voltage is desired along the entire fiber length (which would be useful, for example, in the aforementioned waveguide implementation of the LC channel), metallic electrodes (such as eutectic alloy Bi 58 Sn 42 or indium) can be drawn in place of or in direct contact with the conductive polymer inside PC-clad fibers. 21, 22 Having a resistivity about 8 orders of magnitude lower than CPE, the metallic electrodes will maintain the same electric potential The voltage is then converted into the corresponding transmission intensity by using the polynomial fit from the measurement depicted in Fig. 2(c) .
along the entire 40-cm fiber length at frequencies of 1 kHz and lower (see supplemental Fig. 2) .
To demonstrate the driving frequency as a control knob for tuning the transmission intensity as a function of position, we contact an electrode pair of a 40-cm long fiber at three different locations as depicted in Fig. 3(c) . 23 For each of the three experiments (L ¼ L1, L2, and L3), 125 V are applied to the electrodes at point L, and the transmission intensity is recorded at point c as the frequency is varied in the range of 30-10 4 Hz. Figure 3(d) displays the measured frequencydependent transmission (open circles); the calculated transmission curves (solid lines) based on our model agree well with the data. Note that at a driving frequency of 1 kHz, the applied voltage at L1 has no influence over the transmission at point c, in contrast to applying the voltage at L3 and L2. As noted previously, this localized control over the LC response presents an intriguing opportunity for driving multiple sections of the same LC channel.
In summary, we have reported on an in-fiber LC structure designed for modulation of light incident transversely to its axis. Viscous conductive electrodes used to address the LC channel are built directly into the fiber cladding. We demonstrated the transverse-transmission intensity at a particular location along the LC channel could be controlled by the driving frequency of the applied voltage, which allows for localized light attenuation control along axially symmetric fibers. 
